Best agricultural practices advocate the use of selective insecticides, but the practicalities of applying novel technologies can be unclear. The aim of this review is to synthesize the existing literature on novel and selective insecticides that are appropriate for use in integrated pest management (IPM) programmes, in tandem with biological control agents or as a more sustainable form of conventional chemical control of insect pests. An overview and definition of selective, non-persistent insecticides are followed by a brief introduction to recent advances in formulation chemistry and genetic engineering and nanotechnology. With the increasing popularity of 'organic' produce, it is critical that the insecticides that are allowed for use in the accredited programmes are in fact the most environmentally sensitive and have the least impact on non-target organisms. Increased emphasis on appropriate residue testing and continued monitoring of pest populations and the selection pressure for resistance are also considered. Regulatory bodies must move in a responsible manner towards approval of environmentally responsible, non-persistent insecticides that can be important components of IPM and sustainable agriculture.
Introduction
In the twentieth century, the extensive use of inexpensive, broad-spectrum, persistent pesticides in agriculture raised environmental, public health and economic concerns. Several technologies are now employed to minimize the long-term effects of pesticide application, in particular the development of reduced-risk pesticides and programmes that combine these 'green' chemicals with natural enemies of insect pests to produce a more sustainable global food system. Sustainability has been defined in many different ways, but an enduring definition of sustainable agriculture is a system with five conditions: it is ecologically sound, socially just, economically viable, humane and adaptable [1] . Similarly, integrated pest management (IPM) has a wide variety of definitions since the FAO first defined it in 1967 [2] , but one of the earliest definitions remains applicable:
... the optimization of pest control in an economically and ecologically sound manner, accomplished by the coordinated use of multiple tactics to assure stable crop production and to maintain pest damage below the economic injury level while minimizing hazards to humans, animals, plants and the environment [3] . In short, IPM is not a hierarchy, but a spectrum between chemical and biological control. It is not organic farming, is not designed to eliminate pesticide use, and cannot be implemented overnight; although IPM has been used by farmers for millennia, it is not a generic overnight fix for a given crop or pest, and is primarily designed to provide options appropriate to a grower's environment [4] . Given the breadth of techniques that IPM and sustainable agriculture encompass based on the above definitions, the aim of this article is to give a comprehensive overview of the insecticidal technologies available to scientists, growers and policy-makers working under the IPM umbrella. IPM is no longer considered to 'mean different things to different people, who, in turn, are pursuing different objectives' as it was described in its early years [5] , and now exemplifies a commitment to improving the efficacy and reducing the economic and environmental impacts of agriculture. The application of IPM in large-scale monocultures and smallscale organic crops, and all agriculture in between, can be seen in different ways. Since IPM includes a variety of approaches, efforts to combine the different theories of IPM into a single technique appropriate for all locations, pests and crops are futile. In an effort to find some common ground between crops and growing regions, grouping modern agriculture into a series of categories has been suggested as a solution. Modern agriculture is seen as developing in three distinct stages: resource-poor agriculture, followed by the green revolution and lastly industrial agriculture [6] .
Rather than a hierarchy, this should be seen as a linear spectrum. Larger organic farms, for example, may fall somewhere between green revolution and full-blown industrial agriculture because of their size and location in fertile planting areas.
A more useful classification for the purposes of IPM might factor in the rates at which insecticides and natural enemies are used in these three categories, but this has proved difficult to synthesize. For example, in all three areas, the application of selective insecticides and the conservation of natural enemies would be beneficial. Further, the use of refuge crops is seen in the mixedcropping method predominantly used in resource-poor agriculture [7, 8] , but has also proved useful in managing selection for resistance in genetically engineered (GE) crops [9] .
Selective insecticides can benefit those working anywhere in agriculture, in the IPM, organic or industrial space ( Figure 1 ). An increase in the number of food staples susceptible to insect attack being grown for export and domestic use in developing countries puts additional pressure on selective insecticides already commercially available [10] . Formulating more effective delivery methods increases the targeting ability of individual compounds to reach pest insects only, and reduces the application rate. Novel bio-derived insecticides, from plants, animals or other organisms, can be independently used or rotated with existing chemistries to reduce the selection pressure for certain modes of action; in fact, several examples of synergism between natural enemies and synthetic insecticides have already been reviewed [11] . Entomopathogens can exhibit enhanced toxicity using genes inserted to produce insecticidal peptides [12] , causing these technologies to fall somewhere along the IPM spectrum.
Regulating Selective, Non-Persistent Insecticides
Many of the challenges to the widespread application of IPM programmes or sustainable insecticides have to do with social attitudes, rather than a need for novel technical advances [4, 13, 14] . In Australia, for example, reports are common of regulatory guidelines interfering with IPM improvement owing to concerns about the risk of approaching arbitrarily low residue levels [1 5] . In most countries, labels certifying products as 'organic' neither does it indicate a safety standard successfully passed nor does it indicate a product has been grown or prepared without the use of any pesticides [1 6 ]. Other concerns have been raised about the ability of third-party certifiers involved in the international agricultural market to maintain their objectivity [1 7] , which may further detract from the meaning of 'organic' labelling in a globally competitive market.
The risks to human beings and non-target animals of some 'organic' pesticides have been well established.
The increasing use of sulphur sprays and dusts, approved as pesticides for products labelled 'organic', can cause populations of beneficial predatory mites to decrease [18] , resulting in outbreaks of secondary pests. Nicotine and rotenone are potent insecticides, but their risks to non-target species (including human beings and other vertebrates) should preclude their use as large-scale or broadcast sprayed chemicals.
Rotenone is a lipophilic pesticide that acts on a wide variety of phyla by inhibiting electron transport in mitochondrial complex I, and is in the Insecticide Resistance Action Committee (IRAC) Mechanism of Action (MOA) Classification 21 B [19] . Previous work has shown that chronic exposure to rotenone can mimic the anatomical, neurochemical, behavioural and neuropathological features of Parkinson's disease in rats [20] , and also in mice even at low chronic doses [21] . Additionally, a human epidemiological study was conducted with the Farming and Movement Evaluation study, which included almost 85 000 private pesticide applicators and their spouses, which definitively linked rotenone to Parkinson's disease [22] . Although the registration for rotenone used as a dust in agricultural and residential settings, and all food uses, were voluntarily cancelled by some manufacturers in 2006, the product has been re-approved by the US Environmental Protection Agency (EPA) as a piscicide [23] . Even more recently, rotenone was made exempt from tolerance levels if applied before harvest [24] .
However, based on information from the EPA it appears that after rotenone was reregistered in 2007, registration was voluntarily suspended by most manufacturers in 2010, and rotenone pesticide registrations from the final manufacturer will be suspended in 2011 [25] . The miasma surrounding the legislation of this toxic 'organic' compound, and others like it, need to be carefully sifted through by government bodies before allowing these substances into the regulatory insecticide lexiconparticularly if there are safer, more targeted synthetic insecticides available.
Critics of insecticide use have relied heavily on thè circle of poison' term coined in the 1980s, based on the theory that developed countries export deregistered or untested pesticides to less developed countries. The once-potent ideology has become antiquated, based on lated in temperate countries; alternatively, pesticides used in temperate conditions may pose less of a risk than those same chemicals used in tropical countries. Also, occupational risks to pesticide applicators remain present and initiatives like the Global Safe Use Campaign may help to apply protection methods common to industrial hygiene to pesticide applicators based on internationally accepted standards [28] .
In addition to human safety, the ways in which insecticides are classified as selective and IPM appropriate with respect to use with natural enemies must be examined and revised. Life histories, population-level fitness and a more holistic approach to the viability of insecticides and natural enemies in field situations would provide increased information to those developing IPM programmes [11, [29] [30] [31] [32] . Further, care must be taken so that experiments are designed with a more specific question in mind: is the goal to see whether pest levels are reduced, or if low-level pest populations affect crop yield? For example, the prophylactic application of pyrethroid insecticides (in concert with herbicides and fungicides normally applied concurrently) to protect Brazilian soybeans from defoliating caterpillars and seed-sucking stinkbugs produced lower levels of pest infestation than the biological control or IPM plots, but crop productivity was consistent across all treatments differing significantly only from the untreated control plots [33] . Ensuring accurate sampling plans are in place and applying the least amount of selective pressure to insects is critical to the continued success of IPM programmes, as is continuing to refine the economic injury levels in a cosmopolitan global agricultural market [34] . As the population of pest insects drop below thresholds traditionally monitored in the past, as with the release of sterile insects and male annihilation, the use of traps and attractants will become a required component of monitoring programmes [35] .
Monitoring insecticide resistance must be an integral component of IPM and eradication programmes. This is a particular concern for programmes focused on medically relevant insect vectors of human disease that are dependent on non-toxic chemical options, such as the prevention of malaria [36] . Although insecticide-treated bed nets are seen as a comprehensive answer to mosquitovectored disease in developing countries, the efficacy of these programmes can be improved by adding a supplementary insecticide treatment to the breeding area of the mosquito. In Zanzibar, adding a 1-cm thick layer of 2 mm polystyrene beads to pit latrines reduced the number of Cu lex mosquitoes entering bedrooms by 98%, and when the beads were used in conjunction with a single diethylcarbamazine treatment nnicrofilarial infection decreased from 49% to 10% [37] . The combination of insecticides, cultural control and physical barriers can be a powerful asset to medically important IPM programmes [38] . Further, scientists working to understand patterns in insecticide resistance could collaborate more frequently with scientists in other fields, for example, medical researchers looking to mitigate antibiotic resistance [39] .
Novel Modes of Action and Advances in Formulation Chemistry
Among the most popular sources of naturally derived insecticides are plants [40, 41] . A comprehensive review of the mechanism of action for insecticides of plant origin has recently been published [42] . Structurally stable plant cyclotides, many of which are also insecticidal, are also being examined for use in scaffolding for human therapeutics; many of these scaffolds could also be examined for their potential to stabilize rapidly degraded bioinsecticides [43] .
In addition to new modes of action and molecular targets, formulation chemistry has made important recent advances as well. Baits and pheromones have become important tools to conjugate with appropriate insecticides, and nanoencapsulation and nanoemulsion (variations of nanotechnology) are breaching the barrier between the laboratory bench and commercial viability.
Changes in formulation chemistry are among the most quickly implemented and adjusted technologies. Fruit flies (Diptera: Tephritidae) are an excellent example of the evolving landscape; of particular interest is work conducted in Hawaii, where there are over 1000 endemic and indigenous dipteran species [44] that are potentially susceptible to insecticides. Combinations of a yeast hydrolysate enzymatic with spinosad or phloxine B were shown to be more effective than the traditionally used broadspectrum insecticide malathion in laboratory feeding studies with the Mediterranean fruit fly (Ceratitis capitata (Wiedemann) Diptera: Tehphritidae) [45] . The suitability of both novel insecticides has been examined for use in an area wide integrated management programme for C. capitata, and has been shown suitable for use with several parasitoids [46] . The Specialized Pheromone and Lure Application Technology (SPLAT) 'attract-and-kill' sprayable formulations containing spinosad and an attractant were shown to be suitable for management of tephritid flies even under the wet Hawaiian weather conditions, and achieved control rates comparable to those achieved with naled, a liquid organophasphate [47] .
There are several notable advantages to a formulation technology like SPLAT, namely that appropriate insecticides can be applied in a targeted manner in relevant agricultural areas, and the use of an appropriate attractant reduces the likelihood of non-target impacts. Further, the advanced bait matrix allows biologically inert components to be adjusted, so applicator or aerial sprays or a caulking gun-type tube can be used as needed; the more solid formulations also further reduce the risk to pesticide applicators, since the contents are available pre-mixed at appropriate concentrations.
As seen with GE crops, the regulatory environment for nanotechnology is a contentious space [48] . While some nanotechnology products are new, others are variations on older themes, for example, nano-formulations of imidacloprid [49] . Another is the use of conjugated trypsin modulating oostatic factor and polyethylene glycol polymers to prevent protease digestion of protein-based insecticides [50] , which has also been shown to increase penetration across the peritrophic membrane when conjugated to a chitinase [51] .
Other technologies are focused on reducing the residual effects of insecticides, and it must be recognized that current techniques are able to detect almost negligible pesticide residues -in some cases, pesticides present in quantities of less than 2 p.p.m. [52] . As new residue testing methods and regulatory restrictions are applied, it is useful to remember that some agrochemical residues may be detected because of pesticides previously applied to the soil, rather than recent use. Even within one hemisphere, the previous use of soil treatments can have a pronounced effect on current reported pesticide residues. In winter squash harvested in 1998, 4.2% from Mexico and 35% from the USA showed dieldrin residues (at a detection minimum of 0.01 p.p.m.), and the residue levels were significantly higher in the squash from the USA; in carrots, DDT residue (at a detection minimum of 0.002 p.p.m.) was observed on 6.4% of US and 74% of Canadian samples [26] . Both DDT and dieldrin were globally deregistered in the 1970s, although dieldrin is still used as a termiticide in some tropical countries.
Genetic Engineering and IPM
The use of GE crops in IPM systems has been a contentious one, as concerns about long-term safety and resistance management continue to be raised [9] . Thus, the advantages for using GE crops in IPM continue to increase as safety and selectivity increase, and GE plants are compatible with cultural, biological and chemical controls. Comprehensive reviews addressing the nontarget impacts, economic and human health aspects and possibilities for gene transfer can be found elsewhere [53, 54] .
GE plants expressing insecticidal toxins, such as Cry proteins from Bacillus thuringiensis, have been used in the `high-dose refuge' strategy to effectively reduce the selection pressure for insecticide resistance [55] . In fact, it appears that monitoring for insecticide resistance and secondary pest outbreaks requires increased attention to insect pests in the field, so the autopilot approach resulting in a lack of monitoring that was initially feared by opponents never eventuated [56] . The use of Bt and other GE crops has been suggested to conserve natural enemies and could be used in conjunction with natural enemies, in particular where insect pests have already become resistant to conventional chemical insecticides or where a pest complex exists that requires population suppression using both biocontrol agents and conventional chemical insecticides [57] . Newer mathematical models of GE agriculture incorporate changes in insecticide resistance, crop rotation or rotation-resistant pest phenotypes [58] . The broad category of biopesticides includes natural enemies, naturally occurring plant extracts or insect pheromones and GE plants. Microbial control agents (MCAs) include bacteria, protozoa, fungi or viruses that are natural enemies aimed specifically at controlling insect pests. GE MCAs are frontrunners for use in IPM because of the improvements over already strict specificity, and if regulatory innovations are made then further reductions in application rates could be made. Newer insecticides can be used in IPM programmes to limit the spread of insect vectors of plant pathogens, as was seen against the Bemisia tabaci-transmitted cucurbit yellow stunting disorder virus [59] . Recent work with the entomopathogens Metarhizium anisopliae and Beauvaria bassiana has identified and characterized the genes associated with infection, and manipulated them to enhance their performance as a biocontrol agent, as well as modifying the entomopathogen to allow the expression of an insecticidal neurotoxin from scorpion venom [12] . The clear advantage of using entomopathogens expressing insecticidal peptides is that the delivery system is built into the pathogen, ensuring phyletic selectivity and rapidly reducing the time-to-death from the pathogen alone. This is of particular interest for catastrophic agricultural pests such as plague locusts, for which wild-type M. anisopliae is already used as a control measure.
The Genoeg scheme in the Netherlands and the UK Biopesticides Scheme are two examples of how the regulatory process can be streamlined on a global scale for these biopesticides, which would provide benefits for conventional agriculture as well as organic farms and those implementing IPM programmes [60] . By ensuring that global residue limits and application rates are appropriate for both the crop and the environment, based on scientific data rather than scare-mongering tactics from groups opposing insecticide applications of any kind, novel and environmentally friendly compounds will meet a clear market need. Further, the creation of global residue guidelines would ensure import/export market regulations are satisfied between countries, and that safety for applicators and consumers is consistently considered. In addition to any altruistic aims of environmental safety, the older broad-spectrum, persistent insecticides are off-patent and not profitable for pesticide research and development corporations; selective, degradable insecticides that are IPM-compatible are highly sought after by commercial entities. It is their commercial interest to provide sustainable pesticides to growers and residential applicators, and the number of products available on the market is set to increase if regulatory conditions allow. In tandem with the development of novel, sustainable chemistries (for baits, attractants and insecticides), it is imperative that pressure is put on regulatory bodies to keep pace with rapidly progressing science, in particular for the success of IPM programmes with their tandem concerns of insecticide resistance and environmental sustainability.
